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Abstract: Oxidative stress represents one of the main factors driving the pathophysiology of multiple
ophthalmic conditions including presbyopia, cataracts, dry eye disease (DED), glaucoma, age-related
macular degeneration (AMD) and diabetic retinopathy (DR). Currently, different studies have demon-
strated the role of orally administered nutraceuticals in these diseases. For instance, they have
demonstrated to improve lens accommodation in presbyopia, reduce protein aggregation in cataracts,
ameliorate tear film stability, break up time, and tear production in dry eye, and participate in the
avoidance of retinal neuronal damage and a decrease in intraocular pressure in glaucoma, contribute
to the delayed progression of AMD, or in the prevention or treatment of neuronal death in diabetic
retinopathy. In this review, we summarized the nutraceuticals which have presented a positive impact
in ocular disorders, emphasizing the clinical assays. The characteristics of the different types of
nutraceuticals are specified along with the nutraceutical concentration used to achieve a therapeutic

outcome in ocular diseases.
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1. Introduction

Oxidative stress has been demonstrated to take part in a wide variety of ocular diseases
including dry eye disease (DED), glaucoma, age-related macular degeneration (AMD),
diabetic retinopathy (DR), among others. Reactive oxygen species (ROS), either from en-
dogenous or exogenous sources, have shown to be key players in cell survival of ocular
tissues [1]. For that reason, the eye has become a specific target for new medical approaches
based on different foods and specific nutrients with antioxidant capabilities [2—4]. Impor-
tantly, the implementation of these products has demonstrated to influence ocular health
and has turned around the premise from offering drugs with increased adverse effects to
the possibility of using more natural extracts to achieve better patient care.

Currently, the vast terminology used to describe the food and its components with
therapeutic activities has presented certain difficulties in establishing specific differences
between terms including functional foods, supplements, and nutraceuticals.

The term “functional food” comes from Japanese roots, where it was acknowledged
as a food that could have an impact beyond gastronomic pleasure and energetic supply.
Currently, this term is specified as a food capable of enhancing physiological functions and
preventing or even curing diseases apart from its nutritional value but not being essential
for life. In order to reach consensus, the Japanese criteria Foods for Specified Health Uses
(FOSHU) for functional foods were developed and included three main characteristics:
to not be presented as pills, capsules or powder but as natural food, to be included in
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everyday diet and, lastly, to have a functional impact in human physiology, including
complaint control, immunological improvement, aging delay and prevention and recovery
from specific pathologies [5-7].

Conversely, according to Johns Hopkins Bloomberg School of Public Health, sup-
plements are a concentrate, metabolite, constituent, extract or a combination of vitamins,
minerals, amino acids, herbs, botanicals, and nutraceuticals. These products, in contrast
to functional foods, are intended to be ingested in their pharmacological configuration
including capsules, tablets, pills, powder, softgel, or gelcap. Additionally, supplements
have shown not to be represented as regular or as conventional food [7,8].

Lastly, nutraceuticals can be defined as supplements originating from food that con-
tains a bioactive agent in a greater concentration than in a balanced diet or in a concentration
equivalent to it, which functions as an enhancement for pharmacological treatments, or for
the delay, improvement or even prevention of diseases [7].

Functional foods and supplements, especially nutraceuticals, have shown to possess
therapeutic activity in preclinical studies regarding ophthalmic disorders. For instance,
Nagashima et al. have determined in rat models the effect of Enterococcus faecium WB2000,
Lactobacillus pentosus T]515 and resveratrol on lens elasticity after its oral administration.
Briefly, an overall improvement in the lens elasticity was noted in both long-term effects
(40 weeks) using 0.042, 0.007 and 0.088 mg/day of these supplements, respectively, and
in the short term (4 weeks) administering 0.21, 0.007, 0.44 mg/day, respectively. These
findings have established a potential approach for managing the progression of near vision
impairment [9]. Moreover, topical pirenoxine has been demonstrated to significantly in-
crease lens elasticity by suppressing the hardening of the lens in rat models with presbyopia
induced by tobacco smoke [10].

Conversely, vitamin C has shown to play an important protective role against cataracts [10].
Authors have evidenced lesser corneal opacities after 1.5 g/L of vitamin C administered
to SMP30/GNL knockout mice, which are unable to synthesize vitamin C [11]. Moreover,
Blondin et al. have demonstrated less protein damage induced by UV light exposure after
including vitamin C (50 mg/day) in the guinea pigs’ diet. These authors defined damage
by measuring an increase in aggregates and attenuation of activity of the exopeptidase [12].
Lastly, vitamin C (50 mg), along with other vitamins, has proved to influence oxidative
stress of the lens by increasing the activity of glutathione peroxidase and decreasing
peroxidation in diabetic rats induced by streptozotocin [13].

On the other hand, Curcuma longa, also known as curcumin, has demonstrated in vitro
an anti-inflammatory effect, which is beneficial to ocular surface pathologies such as dry
eye. Corneal epithelial cells were cultured in a hyperosmotic medium to be exposed to
curcumin at doses of 5uM. The results have shown that curcumin is capable of reducing the
expression of proinflammatory cytokines, including interleukin-1 (IL-1p3), interleukin-6
(IL-6) and tumor necrosis factor- alpha (TNF-a), involved in DED pathophysiology [14].
Similarly, in vitro induced cytotoxic human epithelial cells were used to demonstrate the
effects of the organic compounds of the plant Polygonum cuspidatum (PCE), including an-
thraquinones, resveratrol, flavonoids and polydatin. Their anti-inflammatory effects were
demonstrated after exposure to different PCE doses (10, 100 or 250 mg/kg), mainly by an
inhibition of the expression of IL-6, TNF-a, and cyclooxygenase-2 (COX-2) and activation
of nuclear factor kappa B (NF-kB) [15]. Additionally, it was evidenced an amelioration
of symptoms and tear film parameters such as Schirmer’s test score, tear break-up time
(TBUT) and keratoconjunctival fluorescein staining in rat models of DED after the oral ad-
ministration of goji berry at either low (250 mg/kg/bw), medium (350 mg/kg/bw) or high
(500 mg/kg/bw) dose in their diet [6,16]. Moreover, different studies have demonstrated
an improvement in tear volume and mucin 4 (MUC4) expression after orally administering
PCE in rat models [15]. Lastly, the use of a topical combination of 3% diquafosol sodium
and vitamin E at different doses (0.005% or 0.01%) has demonstrated an amelioration of
the ocular surface inflammation, the density of goblet cells in the conjunctiva, the lipid
layer of the tear film and, consequently, an improvement in TBUT and fluorescein stain
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scores in induced DED mouse models. This suggests the potential benefit of vitamin E in
the treatment of DED [17].

Conversely, Kamalden et al. have shown a counteraction of ischemic consequences to
the retina after an increase in the intraocular pressure (IOP) using intraperitoneal genistein
(10 mg/kg) in rats. In this study, genistein has demonstrated to limit neuronal damage
and oxidative response in the eye induced by the rising of the IOP [18]. Additionally,
Davis et al. have reported the influence and neuroprotective function of curcumin against
the toxicity induced by glutamate and hypoxia, induced by cobalt chloride in vitro R28
retinal precursor cells. These authors implemented a topical nanocarrier for the transport
of curcumin (4.3 mg/mL) to demonstrate its effect in rat models with ocular hypertension.
This research study resulted in a significant reduction in the loss of retinal ganglion cells [19].

In an in vitro study, Chichili et al. evidenced the plausible antioxidant effects of
beta-carotene in AMD. Incubating retinal pigment epithelium cells (ARPE-19 cells) in a
beta-carotene rich concentration (1 M) obtained from tomatoes combined with lutein and
lycopene resulted in a reduction in and protection against oxidative stress [20]. Moreover,
Bhatt et al. have determined the anti-inflammatory and antioxidant properties of resveratrol
PLGA nanoparticles (10 pm) in ARPE-19 cell culture, especially by displaying an anti-
angiogenic property through the inhibition of VEGF expression [21].

Lastly, diabetic retinopathy (DR) has also been benefited using nutraceuticals. Preclini-
cal studies in diabetic-induced mice have shown to prevent the generation of ROS and to
improve visual function by suppressing the visual impairment induced by diabetes and
determined by electroretinograms after adding lutein (0.1%) to their diet [22]. Furthermore,
Kowluru et al. have evidenced in rat models an improvement in the increment of VEGF
induced by diabetes, and a reduction in proinflammatory cytokines in the retina after giving
them a powder diet, which included eicosapentaenoic acid (EPA; 650 mg), « lipoic acid
(750 mg), vitamin C (300 mg), benfotiamine (1 g), vitamin D3 (10,000 IU), fish oil EE70%
(1.6 g), vitamin E (300 IU), docosahexaenoic acid (DHA; 500 mg), lutein (20 mg), tocomin
(200 mg), zeaxanthin (40 mg) and a registered blend with resveratrol and curcumoids [23].

Due to the increasing preclinical investigation on food and its components in oph-
thalmology and the lack of compiled clinical information, we describe the applications of
functional foods and supplements, particularly nutraceuticals, in ocular health research,
emphasizing the clinical assays. We specify the characteristics of the different types of
nutraceuticals along with the nutraceutical concentration used to achieve a therapeutic
outcome in the main ocular diseases.

2. Functional Foods

As previously explained, functional foods are defined as food capable of enhancing
physiological functions and preventing or even curing diseases apart from its nutritional
value. The role of functional food in human physiology and the immune system has shown
to be secondary to its specific components including probiotics, prebiotics, micronutrients,
or even a combination of the first two, known as synbiotics. Probiotics such as Lactobacilli
and Bifidobacteria are defined as living microorganisms that offer beneficial effects to the host,
whereas prebiotics, including inulin and lactulose, present a positive influence on the host’s
microbiota. Finally, micronutrients are elements with specific biologic actions essential to
cellular function and are composed of minerals, vitamins, and fatty acids [5,24]. All these
components have been demonstrated to participate in the preservation of health and in the
therapeutics or prevention of different pathologies, including ocular diseases [6,24-29].

Conventional fruits and vegetables can be used as functional foods. It has been
described that the regular consumption of fruits and vegetables is able to decrease the risk
of developing glaucoma, particularly the consumption of green collard and kale, carrots
and peaches which are associated with decreased odds of glaucoma risk of 69%, 64% and
47%, respectively [30,31].

Despite the positive effects of functional foods on overall health and ocular health, the
main problem with these products has been proved to be their lack of regulation, lessening
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the information regarding their quality process, the type, and the exact amount of these
foods. Hence, a significant number of adverse effects have been related to functional foods
in the peer-reviewed literature such as the risk of allergic reactions or anaphylaxis [32].
For example, functional foods with high levels of honey and salicylates have provoked
gastrointestinal and respiratory symptoms including nausea, vomiting or hyperventilation
in susceptible people [33,34]. Lastly, plant-derived functional foods, such as St. John’s
wort, have been demonstrated to modify drug pharmacodynamics and decrease drug
bioavailability [33,35]. By contrast, nutraceuticals have demonstrated the advantage of
being products that undergo a quality surveillance and, consequently, acquire an exact
name and amount of their ingredients, leading to a significant decrease in the incidence of
adverse effects.

3. Supplements and Nutraceuticals

Compared to functional foods, supplements are described as complements of the
diet ingested in their pharmacological configuration including capsules, tablets, pills,
powder, softgel, or gelcap, which are not represented as regular or as conventional food.
Supplements can be divided into many subgroups, such as concentrates, metabolites,
constituents, extracts, nutraceuticals or a combination of vitamins, minerals, amino acids,
herbs, and botanicals. The most popular reason for including supplements in the American
diet is for overall health, presenting an estimated consumption percentage of 70% of
these products. The most recognized and studied supplements include omega 3/fish
oil, multivitamin/mineral supplements, calcium supplements and nutraceuticals [7,8,36].
Nutraceuticals could be the most important of all supplements in ocular health, due to their
proven therapeutic capability in animal models and clinical trials. These products have
proved an easy extraction and application, as well as a vast functionality in the human
body [7,37,38]. In the following paragraphs, the classification of nutraceuticals will be
described and their applications in ophthalmology posteriorly exemplified.

4. Classification of Nutraceuticals

Along with the established differences between functional foods and supplements,
it is relevant to highlight the classification of nutraceuticals for a better understanding.
Nutraceuticals can be classified depending on their chemical nature (lipidic, proteic, as
a carbohydrate, micronutrient or microbial), mechanism of action (based on physiologic
or metabolic impact) or even by their origin (plant or animal-derived and microbial ori-
gin) [39]. Furthermore, other authors have classified nutraceuticals into two main categories:
traditional or non-traditional.

4.1. Traditional and Non-Traditional Nutraceuticals

Traditional nutraceuticals have shown the characteristic of being obtained from micro-
bial, animal, plant, or mineral sources, granting their name of natural nutraceuticals. These
nutraceuticals are composed of three primary groups, including chemical components,
enzymes, or probiotics from which different subgroups arise. Phytochemicals, nutrients,
and herbals represent the subcategories belonging to the chemical components [40,41].

On the other hand, non-traditional nutraceuticals, which are the other fundamental
group, present a different preparation using biotechnology and are well-known as artificial
or unnatural nutraceuticals. Two main groups have been identified in their classification:
the recombinant and the food fortified with nutraceuticals [40,41].

4.1.1. Traditional Nutraceuticals: Chemical Components
Phytochemical Nutraceuticals

Phytochemical nutraceuticals are characterized by the presence of plant chemicals,
which have demonstrated a specific action in human metabolic, physiologic, or immuno-
logic processes. Although there is a wide variety of phytochemicals, some of them have
demonstrated an impact in ocular, neurodegenerative and even psychiatric diseases, in-
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cluding polyphenols (flavonoids and non-flavonoids), carotenoids, quinones, organosulfur
compounds, saponins and alkaloids [40-43].

1.  Phytochemical nutraceuticals: Polyphenols

Flavonoids polyphenols are compounds which can be obtained from a wide variety
of sources including vegetables, berries, legumes or fruits [41]. Chemically, flavonoids are
formed mainly through oxidation and hydroxylation process variations in the central pyran
ring (ring C), from which the phenolic rings (ring A and B) are attached and give rise to
an incredible diversification of flavonoids, including isoflavones, flavanols, anthocyanins,
flavanones, anthocyanidines, among others [44,45]. Their main effects have been demon-
strated mostly as antioxidants, but also in the prevention of different malignancies, such
as prostate or breast cancer, and diabetes mellitus regulation [41,43,46,47]. Additionally,
flavonoids have proved to exert antidepressant effects by regulating neurotransmitter
receptors and attenuating serotonin, norepinephrine, 5-hydroxyindoleacetic acid (5-HIAA),
and dopamine [48,49]. Similarly, these compounds have benefited neuroinflammation
secondary to ischemia-reperfusion injuries or neurodegenerative diseases through the
regulation of transcription factors, signaling pathways, gene expression or avoidance of an
increase in neurotoxic mediators such as prostaglandin E2 (PGE2) [42,45].

Furthermore, polyphenols also include the non-flavonoids compounds. Similarly to
flavonoids, these compounds can be obtained from berries, but raisins, peanuts, dark grapes,
or even turmeric roots represent additional sources [41]. Moreover, they have presented an
aromatic ring as their basic structure along with hydroxyl groups, which change in every
subgroup. One of the main subgroups of non-flavonoids are the phenolic acids, which have
shown two skeletons: the hydroxybenzoic and the hydroxycinnamic acid. The former one
includes the p-hydroxybenzoic, vanillic, gallic, syringic and protocatechuic acid, whereas
the latter includes sinapic, p-coumaric, ferulic and caffeic acids [44]. Both subgroups have
demonstrated a positive effect in several diseases. For instance, Verma et al. have evidenced
that gallic acid presents an inhibitory action against carcinogenesis. The pathways involved
in the process are the ATM kinase activation, induction of intrinsic (Cytochrome c) or
extrinsic (Fas/FasL) apoptosis pathway and mitochondrial dysfunction, among others, all
of which lead to cell death [50]. Moreover, syringic acid have demonstrated cardiovascular
benefits after myocardial ischemia, mainly by reducing the injury induced by reperfusion.
This was achieved through the activation of the PI3K/Akt/GSK-3f pathway, resulting
in a decrease in the size of the infarct, the apoptosis induced by the mitochondria and,
consequently, the levels of CK-MB and LDH [51]. On the other side, other non-flavonoid
polyphenols such as ferulic and caffeic acids have been demonstrated to avoid cardiotoxicity
or have a direct cardioprotection, antioxidant or antithrombotic effect, and reduction in risk
factors such as hyperlipidemia or diabetes [52-55]. Other studies have shown their possible
applications in lung injury, diabetes, liver fibrosis or even in dermatologic diseases [56-59].

2. Phytochemical nutraceuticals: Carotenoids

Additionally, carotenoids are traditional nutraceuticals also classified inside the group
of phytochemicals. These compounds have been presented to be available in the diet,
especially from vegetables, fruits, and egg yolk [41]. Characteristically, carotenoids have
shown a carbon backbone made up of 40 carbons and 8 isoprene molecules. Two groups
are further distinguished regarding the presence of hydrogen and carbon molecules re-
ferred as carotenes, which include x-carotene, 3-carotene, and lycopene, or by the presence
of oxygen in the terminal ring referred to as xanthophylls such as lutein, cryptoxanthin,
and zeaxanthin. Many authors have proved their effects in human physiology, mainly as
antioxidants [60-62]. Due to their capacity to produce vitamin A after several enzymatic
cleavages, they can also present provitamin A activity, including «-carotene, (3-carotene and
cryptoxanthin, whereas zeaxanthin, lycopene and lutein do not [62]. Several authors have
demonstrated the antioxidant ability of 3-carotene not only in the reduction in bladder,
esophageal or breast cancer risk, but also against kidney injury induced by thioacetamide
in rats, mainly through a decreased production of angiotensin-converting enzyme (ACE)
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and an increase in superoxide dismutase (SOD), catalase (CAT) and glutathione perox-
idase (GSH) [63,64]. Compared to (3-carotene, lycopene has shown greater benefits in
the prevention of the adverse effects after chemotherapy as well as in the lowering of
blood pressure and LDL cholesterol [63]. On the other side, a positive influence regarding
the use of lutein has been demonstrated in the evolution of breast cancer via inhibitory
growth mechanisms, where the expression of heme oxygenase-1 and SOD-2 along with
survival proteins and nuclear factor-kB have shown to be restrained, resulting in apoptosis
of malignant cells [65]. Interestingly, both lycopene and lutein have also shown to reduce
the risk of gastrointestinal, prostate or even ovarian cancer in a significant manner [60,63].

3. Phytochemical nutraceuticals: Quinones

Furthermore, quinones are phytochemical nutraceuticals obtained from plants in-
cluding Rubiaceae, Rhamnaceae, and Fabaceae. Quinones are chemically characterized by
a cyclic diketone structure. One of the most described quinone subgroups are the an-
thraquinones, which include emodin, cascarin, chrysophanol, catenarin and rhein. More-
over, anthraquinones are divided into monomers or bianthraquinones depending on their
nucleus structure [66-68]. Several authors have described the biological activities of an-
thraquinones including anti-inflammatory, antimicrobial, anticancer and laxative proper-
ties [66,67]. The inhibition of proinflammatory mediators, such as TNF-a and IL-6, and
the downregulation of kinases including PTK, PKC, and CaMPKS, has been demonstrated
by emodin, chrysophanol, and rhein anthraquinones. Additionally, emodin has proved
to have a direct cytotoxic effect and to influence cell cycle, cell apoptosis and resistance of
drugs of cancer cells, resulting in an antitumorigenic effect [66,68]. Antimicrobial properties
have also been evidenced after the use of anthraquinones, mainly by protein synthesis
and biofilm genes inhibition, as well as the destruction of cell membranes. Finally, antiox-
idant effects have been demonstrated by the inhibition of lipid peroxidation and by the
scavenging of free radicals [68,69].

4. Phytochemical nutraceuticals: Organosulfur compounds

Other types of phytochemical nutraceuticals are the organosulfur compounds (OSCs)
that are present in animals and plants, including vegetables of Allium group such as garlic,
shallots, onions, or leeks and Brassica genus such as broccoli, cabbage, or cauliflower. OSCs
can be divided structurally depending on the functional groups holding a sulfur, after
which different compounds can be described including allicin, cysteine, dibenzothiophene,
sulfanilamide, penicillin and lipoic acid, among others [70-73]. Generally, OSCs have
demonstrated anti-inflammatory, antioxidant and antimicrobial abilities [71,74,75]. Those
specific properties have been tested in different pathologies, resulting in positive results
as a cardioprotective, antiviral or antitumor agent [70,74,76]. For instance, one of the
most described sources of OSCs is garlic, also known as Allium sativum. Garlic has shown
to be effective against herpes, influenza, coxsackie, and HIV virus [72,74]. Additionally,
several randomized clinical trials have proved to decrease the severity and occurrence
of flu and colds by improving immune T and NK cells after orally taking garlic extract
(2.5 g/day) [77,78]. Interestingly, after implementing the use of garlic organosulfur com-
pounds in an in silico trial, different researchers have demonstrated the potential benefits,
especially of alliin, against COVID-19 after inhibiting the main protease of the virus and
increasing the evidence of the use of natural compounds for antiviral properties [79,80].

5. Phytochemical nutraceuticals: Saponins

As well as the previous phytochemical nutraceuticals, saponins have been shown to
produce different biological effects, including hypolipidemic, hypoglycemic, antiprolifera-
tive, and immunostimulant properties, inhibition of platelet aggregation, or hypercalciuria
and acute lead poisoning treatment [81]. These nutraceuticals are glycosides with heat-
stable and amphipathic properties, which are present in plants, especially legumes. Ultra-
structurally, saponins consist of oligosaccharides moieties with a non-polar (sapogenin)
and a polar (sugar) group bound to it, which confer these nutraceuticals an active surface
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responsible for their biological effects [82]. Two main types have been described: the pro-
topanaxatriol and protopanaxadiol, the latter being the most effective against obesity. For
instance, ginseng and soy saponins have demonstrated antitumor effects against several
types of cancer, including the arrest of cell cycle in breast cancer cells and cytotoxic activity
against cervical, fibrosarcoma and hepatocellular cancer cells. Furthermore, saponins have
demonstrated an important influence in obesity and lipid metabolism, mainly by inhibiting
adipogenesis through the activation of AMPK and the pancreatic lipase, preventing fat
absorption [81]. Moreover, these nutraceuticals have shown to effectively reduce blood
glucose levels through the improvement in insulin response mediated by PPAR-y, resulting
in better glucose metabolism and an increase in plasma insulin levels and insulin release
from the pancreas [81,83].

6.  Phytochemical nutraceuticals: Alkaloids

Alkaloids represent the last group of phytochemical nutraceuticals which can be
found in plants and bacteria. Characteristically, alkaloids present an alkali-like structure,
and are found either as free bases or salts of organic acids. These nutraceuticals can be
subclassified into three main categories based on their structure. First, true alkaloids present
a precursor amino acid and possess a nitrogen atom in their heterocycle. Differing from
true alkaloids, the proto- alkaloids lack the nitrogen atom. Finally, the pseudo alkaloids are
non-heterocyclic with no amino acid precursor and present the nitrogen atom in the side
chain [84]. These compounds have demonstrated to be very useful for cancer drugs such as
vincristine, vinblastine and taxol, blood drugs such as vincamine, and antimalarial drugs
including chloroquine and quinine [85]. Interestingly, different authors have reported the
use of mushrooms containing alkaloids with cytotoxic and anti-tuberculosis activity [86,87].

Nutrients

Nutrients are included in the three main groups of the chemical compounds of the
traditional nutraceuticals. These substances are obtained from animal products, vegeta-
bles, fruits and whole grain-cereals, among others. As previously well explained, fatty
acids, vitamins, and minerals have shown a great impact on a wide variety of diseases,
including cancers, cerebrovascular, ocular, or even neurodegenerative diseases, as well as
in immunomodulation and inflammatory pathways [41,85].

1.  Nutrients: Peptides and Bioactive Peptides

Chemically, the bioactive peptides are composed of amino acids joined by covalent
bonds, either amide or peptide bonds. Bioactive peptides are defined as protein fragments
with a positive impact on body functions which influence health. Their primary sources
have been described to be from animal products such as eggs, milk (casein and whey) and
meat. Nevertheless, plant sources including soy, oat and wheat have become great sources
for obtaining these nutrients [88]. Bioactive peptides are classified based on their mech-
anism of action including immunomodulatory, antihypertensive, antimicrobial, opioid,
antioxidant, or antithrombotic activity [89].

Importantly, their biologic antimicrobial and anti-inflammatory effects are presented
after a proteolytic effect of intestinal bacteria (Lactobacillus) on the milk which results in
the formation of bioactive peptides from lactoferrin. Furthermore, the bioactive peptides
can inhibit angiotensin I converting enzyme (ACE), producing an antihypertensive effect.
Additionally, caseinomacropeptide, which is obtained from milk, has demonstrated an
effect in platelet aggregation, hence, an antithrombotic activity [90,91].

Moreover, its antimicrobial properties have been proved in corneal wound healing. For
example, CAP37, or azurocidin, is considered a bioactive antimicrobial peptide obtained
from the granules of neutrophils. CAP37 has been demonstrated to be effective against
several bacteria involved in corneal infections including Pseudomonas Aeruginosa and Staphy-
lococcus aureus. Interestingly, the antimicrobial effects have shown to be mediated by the
activation of the protein kinase C signaling pathway in epithelial corneal cells in a mouse
model. This activation has been demonstrated to influence corneal epithelial cell migration
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and accelerate wound closure after topical administration of CAP37 (250-500 ng/mL).
In addition, it has been evidenced in mice that CAP37 administered by an intrastromal
injection (0.5 pL) results in an increased expression of cytokines such as interleukin 7 (IL-7)
or 15 (IL-15) and interferon gamma (IFN-y), enhancing corneal epithelial recovery [92-94].

2. Nutrients: Bioactive Carbohydrates

The bioactive carbohydrates are obtained mainly from plants, including algae, wood
plants, dietary fibers, or herbs, from animal tissues such as hyaluronic acid, chondroitin
sulfate or heparin, or from microorganisms. Structurally, carbohydrates present a linear
(homoglycans) structure such as cellulose, containing the same repeated monosaccharide,
or a branched (heteroglycans) structure such as heparin, in which more than one monosac-
charide is present. Several therapeutic functions have been attributed to the bioactive
carbohydrates, including antioxidant, antimicrobial, antithrombotic, hypoglycemic, or
antitumor activities [72,95].

For instance, sulfated polysaccharides obtained from marine algae, including alginate,
laminarin and fucoidan, demonstrate great biologic antioxidant activity by inhibiting lipid
peroxidation, scavenging nitric oxide, hydroxyl, and superoxide radicals or by inducing
glutathione and superoxide dismutase. Moreover, fucoidan has shown to inhibit factor Xa,
thrombin, and the intrinsic and extrinsic coagulation cascade, proving its antithrombotic
and anticoagulant activities [96,97]. Additionally, the use of fucoidan (400 mL/day) has
also been used as an anti-inflammatory agent in cancer patients where it demonstrated a
reduction in cytokines including IL-6, TNF-a and IL-1§3 after its oral administration [98].
Interestingly, a combination of carbohydrates and peptides obtained from mushroom:s,
known as polysaccharopeptide, has been described to function as immunomodulators,
antioxidant, antitumor, or even as a neuroprotective agent [99,100].

3. Nutrients: Fatty Acids

Chemically, a fatty acid is composed of hydrocarbon and carboxylic acid groups
from which they can be classified. They can be divided into saturated (single bond) or
unsaturated (two or more double bonds) fatty acids [72,101]. The omega-3 fatty acids
are unsaturated hydrocarbon chains that are considered essential since they cannot be
synthesized in the human body and must be obtained from the diet. Omega-3 fatty acids
can be divided according to the length of their fatty acid chains, either short (<6 carbon
atoms), including alpha-linoleic acid (ALA), or long (13-22 carbon atoms) chain fatty acids
such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA). ALA is mainly
obtained from plant-based foods (chia, flaxseed), whereas DHA and EPA are obtained from
marine foods such as fish [102]. Among one of the most important functions of omega-3 in
the human body is its participation in the reduction in inflammation through competitive
inhibition with arachidonic acid (ARA) and important enzymes such as 5-lipoxygenase and
cyclooxygenase. To maintain a healthy equilibrium, an optimal ratio of omega-6:omega-3
has been established to be 4:1 [102,103]. Different studies have demonstrated that most
patients with Western diets have a ratio that varies from 15:1 to 16.7:1, favoring omega-
6 [103]. As a consequence, the excessive amount of omega-6 has shown to increase the
synthesis of thromboxane A2, leukotriene B4, interleukin-18 (IL-1£), interleukin-6 and
tumor necrosis factor (TNF), resulting in the development of common chronic inflammatory
pathologies such as cardiovascular disease, cancer, obesity, and autoimmune diseases [104].
Furthermore, including a diet rich in long omega-3 fatty acid may be of potential benefit
when treating chronic ocular conditions, such as dry eye disease and age-related macular
degeneration [105].

4.  Nutrients: Vitamins

Vitamins are chemically heterogenous molecules that have shown an important role
in human health when being administered as a nutraceutical. Vitamin A is one of the most
well-known micronutrients used as a nutraceutical. The main sources of vitamin A are
animal sources, such as salmon, eggs, beef liver, rich beta carotene vegetables including



Nutrients 2022, 14, 5014

9 of 34

carrots, sweet potato or spinach, or fruits such as mango. The active forms of retinoids
include retinol, retinal and retinoic acids, and act through nuclear receptors resulting in
gene regulation, and thus exert a crucial role in biologic functions such as reproduction,
embryologic development, cellular differentiation, immune health, and vision [106-108].
Characteristically, retinoids contain a head-to-tail structure along with four isoprene units.
The retinol (vitamin A1) chemical structure includes a f-ionone ring, an unsaturated iso-
prenoid side chain (all-trans) and a hydroxide group (-OH). Moreover, the retinal chemical
structure is based on four exocyclic double bonds and an attaching group (-CHO). Lastly,
retinoic acids, such as all trans-retinoic acid, also present four exocyclic double bonds but
with a different attaching group (-COOH) [107,109]. In ocular health, vitamin A has shown
to be a key player in maintaining vision. Malnutrition, which is related to vitamin A defi-
ciency, constitutes one of the most common causes of preventable blindness. This reversible
deficiency can be prevented by correct nutrition or supplementation, which can restore
visual function if it is diagnosed early. On the contrary, a long-term deficiency may result in
serious complications, including corneal ulceration and conjunctival keratinization [103].

Another important micronutrient is vitamin B12, also known as cobalamin. This
essential micronutrient has been found in animal protein, with meat being the richest
source. B12 is one of the most chemically complex vitamins, composed of a tetrapyrrolic
combination with four propionamides and three acetamides held within the periphery of
the macrocycle and with a central cobalt [110]. Compared to vitamin A, cobalamin is a water-
soluble vitamin which has shown a fundamental role in the synthesis of myelin, resulting
in peripheral neuropathy, optic nerve atrophy, ineffective erythropoiesis, megaloblastic
anemia, and subacute combined degeneration when deficient. Additionally, an important
anti-inflammatory function has been attributed to cobalamin due to its ability to modulate
NF-kB, which is known to be an activator of an inflammatory pathway [103,111].

Furthermore, vitamin C or ascorbic acid, which is a water-soluble vitamin, is obtained
from citrus fruits, strawberries, or broccoli. Structurally, vitamin C is composed of a lactone
ring, which has an ethyl diol side chain and two hydroxyl groups. Additionally, it presents
four hydroxyl groups which function as proton acceptors or donators, while the ketone and
ether groups only function as proton acceptors [112,113]. Due to its unique ability to donate
electrons, vitamin C has demonstrated to reduce inflammation and present immunomodu-
latory, antithrombotic, antiviral, and wound healing properties [114,115]. Interestingly, it
has been shown that diabetic patients supplemented with antioxidants vitamin C and E
have increased tear production and stability of goblet cells with a consequent decrease in
nitric oxide (NO) production. NO is a key molecule in the production of reactive nitrogen
species such as peroxynitrite (ONOO-), a potent oxidant that leads to ocular inflammation,
though demonstrating its antioxidant abilities [116].

Lastly, vitamin D is considered a fat-soluble vitamin obtained from sunlight exposure,
diet and supplementation [117]. Vitamin D presents a unique steroid hormone structure
due to the possession of both a seco-B triene structure, which lacks a B-ring, and a complete
25-hydroxycholesterol side chain. This differs from classic steroid hormones, such as
progesterone and estradiol, which present a truncated or no side chain [118]. Calcitriol
(1,25(OH)2D), the active form of vitamin D, has been established as having an important
immunomodulatory function by promoting a lymphocyte shift from Th1 and Th17 to Th2
phenotype, which results in the suppression of pro-inflammatory cytokines (IL-2, interferon-
v, TNF-«) and the expression of anti-inflammatory cytokines (IL-4, IL-13), promoting
alternate activation in macrophages [117].

5.  Nutrients: Minerals

Along with vitamins, minerals have also proved to be important antioxidants for the
human body. One example is selenium, which is found as an amorphous or crystalline
form, and mainly presents in a combined form with heavy metals such as mercury, cop-
per and lead. Moreover, selenium can be found as inorganic selenium within various
minerals, including selenites and selenates, or as organic selenium as selenoaminoacids,
selenopeptides and selenoproteins. The most prevalent organic form within plants entails
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selenoaminoacids, such as selenomethionine and methylselenocysteine [119]. Selenium
can be obtained from meat, eggs, seafood and cereals [103]. The human genome contains
25 selenium-containing proteins whose biologic functions are dependent on the insertion
of selenium [103]. The major role of some selenoproteins, such as glutathione peroxidase
and thioredoxin reductase, have been demonstrated to act as intracellular antioxidants,
thus preventing cell oxidative injury, evidenced in many different pathologies, including
ocular diseases. Supplementation with selenium is thought to improve phenylketonuria,
atherosclerosis, hypercholesterolemia and type 1 diabetes mellitus, although the role of
selenium in type 2 diabetes mellitus is unclear [120].

In addition, zinc is a metallic element in the zinc group of the periodic table present
in oxides, sulfides, phosphates, or silicates minerals and is considered the second most
prevalent trace element in the human body. It is essential for the function of more than
2800 macromolecules and over 300 enzymes, and is critical for cell proliferation, differ-
entiation, communication, and apoptosis [121,122]. A key function of this element is its
role in immunomodulation. Both innate and adaptive immune response are linked to
adequate levels of zinc, and the consequent deficiency of this ion leads to inflammation.
Other classic features of zinc deficiency include night blindness, anorexia, and weight
loss, delayed sexual maturation, testicular atrophy, hypogeusia, alopecia and epidermal
hyperkeratinization [121,123-126]. Moreover, zinc is present in high concentrations in the
eye, especially in the retina and choroid, where it has been shown to interact with taurine
and vitamin A, modify photoreceptor plasma membranes, serve as an antioxidant, regulate
light-rhodopsin reaction and modulate neurotransmission. Lastly, one important group of
enzymes known as collagenases depends on zinc availability and may indirectly lead to
corneal ulcers when deficient due to abnormal enzyme function [121,124,126].

Herbals

Finally, herbals are classified as chemical compound nutraceuticals and have shown
different physiologic improvements such as antipyretic, anti-inflammatory, diuretic, or
analgesic. Moreover, diseases such as hypertension, cancer, urinary tract infections or
COVID-19 have been benefited by the use of these nutraceuticals [41,85,127,128]. One of
the most important herbals is Vaccinium erythrocarpum, better known as cranberries. Cran-
berries present rich amounts of polyphenols such as proanthocyanidin, a potent antioxidant.
Interestingly, proanthocyanidins have been shown to prevent the recurrence of urinary
tract infections (UTIs) by inhibiting the attachment of bacteria and, consequently, the devel-
opment of chronic kidney disease [129-132]. Furthermore, the presence of polyphenols in
cranberries has proved to be cardioprotective by maintaining blood pressure, lipoproteins,
and homocysteine at healthy levels. In addition, they have presented an antioxidant effect
through the interference of specific inflammation and oxidative stress pathways such as
Nf-Kb and an activation of Nrf2 [129,133]. Importantly, cranberries have also shown a key
role in tumorigenesis, either by direct cytotoxicity or inhibition of enzymes involved in
cellular proliferation [134].

Two important herbals, willow bark (Salix nigra) and lavender (Lavandula angusti-
folia), have demonstrated an impact in arthritis, either collagen-induced or rheumatoid
arthritis, exerting anti-inflammatory and antioxidant effects suppression of cytokines, lipid
peroxidation and accumulation of free radicals [135-137].

Interestingly, Aboutaleb et al. have demonstrated that lavender was implicated in the
restoration of antioxidant enzymes (SOD, CAT, GSH) in a rat model of ischemia-reperfusion
injury in the kidney [138]. Moreover, psychiatric disorders have also been benefited by the
use of lavender, mainly by decreasing anxiety levels after its inhalation [139]. Lastly, several
in silico protocols have demonstrated the effect of herbal molecules in diabetic retinopathy
and AMD, supporting their role in the limitation of the side effects of ocular drugs used
today [140].
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4.1.2. Traditional Nutraceuticals: Enzymes

The second primary group of traditional nutraceuticals are the nutraceutical enzymes,
which are derived from either plant, microbes, or animals. Enzymes are proteins charac-
teristically composed of amino acid residues (100-2000) which are rearranged into one
or various polypeptide chains. These polypeptide chains have been shown to create a
tridimensional structure with an active site, where the substrate is intended to bind. This
conformational change has been demonstrated to determine their specificity for a single
substrate, and thus its catalytic activity [141]. Enzymes prime function has been evidenced
to be the enhancement of other protein or fruit preparations with a consequent benefit
in the human body [41,142]. Digestive enzymes derived either from plant and bacterial
sources, such as pectinase and cellulase, have demonstrated an effect in obesity through
the reduction in glutamate pyruvate transaminase, insulin, but most importantly of leptin
levels when administered orally with an Ecklonia cava extract in mice models [75]. More-
over, pectinase has been used in addition to a chinese plum concentrate in cell cultures,
demonstrating a significant suppression of the proliferation of colorectal cancer cells and
angiogenesis of endothelial cells of the umbilical vein [143]. Lastly, hydrolysates of soy
protein have shown an immunomodulatory effect when prepared with proteases, including
papain and trypsin, presenting an increase in lymphocyte proliferation and in phagocytic
activity after its in vitro administration [144].

4.1.3. Traditional Nutraceuticals: Probiotics

The last group of traditional nutraceuticals belongs to the probiotics. As previously
explained, probiotics are living microorganisms that can offer beneficial effects to the host
if taken in adequate amounts orally. The most common species commercially available are
three: Saccharomyces boulardii, Bifidobacterium, and Lactobacillus [41,85]. In addition to its
antioxidant effect, the strain S. boulardii has shown alleviation of gastrointestinal diseases
such as pseudomembranous colitis or the adverse effects of helicobacter pylori treatment
when administered orally. This strain has proved to directly neutralize enteric bacteria such
as Escherichia coli, Salmonella, Vibrio cholera, among others and increase the expression of
anti-inflammatory interleukins (IL-1, IL-5, IL-10, IL-12) and decrease the proinflammatory
ones including IL-6 and TNF-« [145,146]. Likewise, Bifidobacterium has demonstrated to
improve gastrointestinal symptoms in celiac disease patients when administered orally
(two capsules a day with 2 x 10° colony-forming units per capsule; B. Longu 10° colony
forming units (CFU)) by increasing serum macrophage inflammatory protein-1B, reducing
TNE- a and peripheral CD3+ T lymphocytes, lessening the levels of Bacteroides fragilis and
IgA in stool or by restoring the microbiota [147-149]. Lactobacilli administered orally has
shown to restore gut microbiota, reducing immune activation as well as gliadin toxicity in
celiac disease patients [150]. Likewise, Lactobacillus casei has proved to restore the healthy
mucosal structure and restore the gut-associated lymphoid tissue (GALT) in celiac disease
mouse models [151]. Interestingly, the use of one capsule a day (15 x 10° CFU or 69 mg)
of Bifidobacterium and Lactobacilli have shown a role in correcting the disruption of the
microbiota induced by obesity, where a positive correlation between fat mass, body mass
index, and waist circumference, and the quantity of Bifidobacterium was demonstrated,
resulting in weight loss after being orally administered [152].

4.1.4. Non-Traditional Nutraceuticals: Recombinant Nutraceuticals

Recombinant nutraceuticals refer to all foods that provide energy made with the use
of biotechnology. For instance, Malbasa et al. have used kombucha symbiosis, containing
different strains of yeast including Torulopsis sp., S. cerevisiae, Zygosaccharomyces sp., Saccha-
romyces bisporus, and Saccharomycodes ludwigii, cultured with black or green tea substrates to
make the kombucha beverage. The antioxidant properties of the kombucha beverage were
demonstrated when added to solutions with hydroxyl or 2,2-diphenyl-1-picrylhydrazyl
(DPPH) radicals, mainly by the presence of polyphenols, vitamin C, vitamin B, and citric
content in the kombucha beverage [153]. Another example of recombinant nutraceuticals
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is the lysozyme or muramidase, which have presented bactericidal properties. Yang et al.
have demonstrated the nutritional and immunological benefits of it when obtained from
transgenic cattle, evidencing the new medical advances when using biotechnology [154].

4.1.5. Non-Traditional Nutraceuticals: Fortified Nutraceuticals

Conversely, food fortified with nutraceuticals are food with nutrients added to the
normal product [41]. These nutraceuticals have been studied in the last several years
focusing on the amelioration of patients with certain dietary deficiencies that could lead to
different diseases [38]. After an extensive review, Cormick et al. stated that calcium fortified
products, especially milk, demonstrated to increase the calcium intake and bone mineral
density in hip and femoral neck bone, along with an increase in children’s height [155].
Similarly, other authors have demonstrated benefits in the bone mass of patients at risk
of fractures after using this fortified formulation [156]. Furthermore, flour fortified with
folic acid has proved to prevent neural tube defects, encephalocele or spina bifida when
compared to the control groups [157,158]. Finally, the addition of iodine to salt has shown
to avoid the development of goiter and non-immune hypothyroidism, which could lead to
mental disability, demonstrating its impact on human health [159].

As well explained, all these studies have evidenced the importance of nutraceuticals
in different diseases, especially by its antioxidant effect in different organ systems. For a
better understanding, several organization charts (Figure 1) demonstrate a general view
of the nutraceutical classification, along with examples and its chemical composition
(Figures 2 and 3).
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Importantly, it has to be noted that nutraceuticals have also presented a great impact
in ophthalmic conditions including presbyopia, DED, glaucoma, or AMD, targeting mainly
the oxidative stress involved in their pathophysiology but also in the improvement in the
expressed symptoms.

5. Use of Nutraceuticals in Ophthalmology

As previously explained, nutraceuticals have demonstrated different benefits in oph-
thalmic diseases. Since the beginning of the century, genistein and other flavonoids in-
cluding luteolin and fisetin have shown promising results in ocular pathologies. Joussen
et al. have reported a significant inhibition of corneal neovascularization after using a
microemulsion and topically administering flavonoids (luteolin: 0.5 mg/mL, genistein:
0.5 mg/mL, fistein: 1 mg/mL) in rabbit models. These hallmark findings have given rise to
continuous research on the formulation in ophthalmology [160,161]. Additionally, although
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prevention was not achieved, it has been demonstrated that genistein (15 mg/kg) adminis-
tered orally has the ability to hinder the formation of cataracts in rats [162]. Furthermore,
a few studies have been carried out regarding non-flavonoid compounds such as caffeic
acid, which has been administered intraperitoneally (10 pmol/kg) in rats with induced
uveitis by a lipopolysaccharide (LPS) injection or topically (25 uL for six hours every
30 min) in rabbits with paracentesis-induced inflammation of the anterior chamber, and
has demonstrated promising results in the attenuation of ocular inflammation, as well as in
oxidative stress [163,164]. Similarly, rat models with drug-induced ocular toxicity treated
with caffeic acid (10 pmol/kg) administered through an intraperitoneal injection, have
shown an increase in the expression of key enzymes responsible for regulating excessive
oxidative stress such as superoxide dismutase (SOD), resulting in a significant reduction in
overall oxidant status and evidencing the impact of this non-flavonoid compound on ocular
stability [165]. Moreover, the role of the intraperitoneal-injected caffeic acid (10 mg/kg) in
mitochondrial processes has been evidenced in mice by the reduction in ROS through the
uncoupling protein (UCP2), resulting in the preservation of the retinal pigment epithelial
cells [166].

In the following paragraphs, the impact of nutraceuticals on the research of the
most prevalent ocular disorders (presbyopia, cataract, DED, glaucoma, AMD and diabetic
retinopathy) will be described, with special emphasis on the clinical assays.

5.1. Presbyopia

Presbyopia is considered a refractive condition in which the gradual loss of accom-
modation results in the inability to focus on near objects. This is a common age-related
eye disorder to which two main causes have been attributed: the progressive weakening
of the ciliary muscles and/or a loss of lens elasticity [167,168]. Although investigation of
presbyopia regarding nutraceuticals is scarce, a randomized placebo-controlled double
blind comparison study was conducted to evaluate the efficacy of various dietary supple-
ments including lutein (10 mg), astaxanthin (4 mg), bilberry extract and black soybean hull
extract containing anthocyanin (2.3 mg Cyanidin-3- Glucoside) and docosahexaenoic acid
(DHA; 50 mg) on the accommodative ability of the eye. Improvement was observed in
eye accommodation and symptoms such as eye strain and blurred vision when looking at
objects from near to far after four weeks of ingestion when compared to placebo.

Moreover, anthocyanin has shown relaxant effects, mediated by an endothelin-B
receptor and nitric oxide/cyclic GMP pathway on the ciliary muscle and blood vessels,
finally improving lens accommodation. On the other hand, astaxanthin has shown to
inhibit the NF-kB pathway in the ciliary body, preventing ciliary muscle loss of function
and increasing blood flow through the retinal capillaries with a consequent increase in blood
flow through the ciliary muscle. Furthermore, DHA may play a role in keeping the ciliary
body healthy and enhancing the antioxidant effects of astaxanthin by a mechanism that
is yet unknown [169]. A positive accommodation effect given by a mixture of traditional
Chinese herbal medicines, containing wolfberry (200 mg), Cassiae Semen (200 mg), and
Dendrobium huoshanense (DD) (40 mg) in a single capsule, was evidenced in a prospective
study. It was demonstrated that Cassiae seeds enhance the parasympathetic function of the
eye, thus improving its accommodative function and the contractility of the ciliary muscle
with the consequent relaxation of the zonula fibers. Furthermore, it was shown that Cassine
Semen and wolfberry have potent antioxidant properties and may play a role in lowering
intraocular pressure (IOP), further relieving presbyopia symptoms [170].

Additionally, Korenfeld et al. have shown a significant amelioration in distance-
corrected near vision acuity (DCNVA) bilaterally after the topical administration of lipoic
acid (EV06) to presbyopic patients. Similarly, Stein et al. have reported the long-term effects
of EV06 after its cessation by evidencing a continuous improvement in near vision [171].

Interestingly, topical pirenoxine (0.005%) has been shown to maintain accommodative
amplitude and, consequently, aid in the progression prevention of presbyopia, especially
in the fifth decade. In this research, Tsuneyoshi et al. have stated a better accommoda-
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tive amplitude after its topical administration, demonstrating a difference in diopters in
the treatment group of —0.05 & 0.21 (p = 0.59) and —0.16 + 0.05 in the control group
(p <0.01) [10].

5.2. Cataract

Cataract is the result of the accumulation of proteins in the lens, which leads to the
clouding of it and, finally, to optical deterioration [172]. It is one of the main causes resulting
in visual impairment and blindness all over the world, with 47.8% of global blindness
attributed to it [172-174]. Briefly, the anterior segment of the eye is composed by the cornea,
the iris, and the lens. The lens is nourished by the aqueous humor produced by the ciliary
processes. It has been found to be composed of cortical and nuclear fiber cells, which
contribute to the transparency and execution of its main function: transmitting light to the
retina. Any alteration in its transparency due to aging, environment (ultraviolet light), or
illness would lead to the disruption of its refractive function [175].

Interestingly, cataracts are classified into four clinical forms, including nuclear, cortical,
sub-capsular, and mixed (cortical and nuclear), depending on the anatomic location of the
lens clouding. The nuclear type is one of the most common types of cataracts. Charac-
teristically, the central core cells present a normal structural morphology, but there has
been demonstrated a loss of sulfthydryl groups of their proteins and an increase in protein
disulfides, which results in the aggregation of proteins and disruption of the light transmis-
sion [173]. Conversely, in the cortical type, the cortical fiber cells of the lens have shown
opacifications in their morphology, tissue liquefaction, and an inability of volume regula-
tion caused by oxidative and osmotic stress. This resulted in cellular swelling and protease
activation, leading to insoluble protein aggregation and the scattering of the light [173].

Importantly, the antioxidant function of different nutraceuticals has also been demon-
strated, especially in observational studies, to reduce the aggregation of proteins in the
lens and, consequently, the incidence and risk of developing cataracts [176]. For instance,
the use of multivitamins, vitamin E or vitamin C supplements for more than ten years has
resulted in a significant decrease in cortical cataract risk with an odds reduction (OR) of 0.4
(95% CI, 0.2-0.8; p = 0.002) [177]. Conversely, although the oral combination of vitamin C
(300-600 mg) and E (400 mg) has been demonstrated to protect against lens opacity [178],
Vitale et al. have stated that prevention of the lens cataract, especially of the nuclear type,
was achieved with only high vitamin E plasma levels (>12.8 ug/mL) [179]. Moreover, a
reduction of 55% of presenting nuclear cataracts after the intake of >90 mg/day of vitamin
E for >10 years was reported [180,181].

Similarly, several authors have determined the effect of only vitamin C in cataract
risk reduction [182]. Valero et al. have described the effectiveness of vitamin C in cataract
reduction (OR = 0.66). These authors used the Lens Opacities Classification System (LOCS)
II to determine their results after >135 mg of vitamin C was orally taken, which correlated
to >49 pmol/L in the blood levels of this antioxidant. Interestingly, in this same research,
no other antioxidant including selenium, lycopene, vitamin E, or retinol significantly
reduced cataract risk [183]. More recently, another group of authors have shown an inverse
association of vitamin C with cataracts, even when classified by cataract types, when taking
from 17.6 to 83.9 mg/day of vitamin C orally or presenting plasma levels from 3.1 to
52.5 pmol/mL [184]. Lastly, the intake of >363 mg/day of vitamin C proved to be effective
in decreasing the risk of cortical cataract by 57% in the Nutrition Vision Project (NVP) [180].

Additionally, vitamin A and carotenoids have proved to be key components of the
human lens. For instance, the combination of zeaxanthin and lutein (13.8 ng/g) has
demonstrated to be the most important carotenoid of the lens and retina, along with retinol
ester (25.6 ng/g), retinol (38.1 ng/g) and, in a very less portion, 3-carotene (<0.1 ng/g) [180]
Interestingly, several authors have found that higher levels of retinol inversely impact in
the risk of nuclear cataracts. Ravindran et al. has shown that even when a weak association
was present, retinol did reduce the risk of nuclear (OR = 0.69; 95% CI; 0.56-0.84) and
posterior subcapsular (OR = 0.65; 95% CI; 0.5-0.85) cataracts with plasma concentrations
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between 1.8 and 2.27 pmol/mL [184]. Moreover, the development of cortical cataracts has
been limited after orally administering vitamin A for five years with an OR = 0.42 (95% CI;
0.24-0.73) [185].

Although zeaxanthin and lutein, are important elements of the lens, most of the
research highlight the lack of influence in the development of cataracts after their oral ad-
ministration [180,183,184]. However, a reduction in the risk for nuclear cataracts after their
individual intake or combined has been demonstrated. For instance, Dherani et al. reported
a decrease in nuclear cataracts in an Indian population, presenting plasma zeaxanthin levels
of 0.02 umol/L [186]. On the other side, achieving a blood concentration of 0.18 £ 0.08
of lutein after dietary intake has shown to slow the progression of lens aging correlated
by its opacity density [187]. Additionally, Rodriguez et al. have found a reduction in the
risk of developing cataracts (p < 0.05) in individuals with a daily intake of >3290 ug of
lutein [188]. Moreover, the intake of lutein >5.6 mg/day for >10 years, determined by food
questionnaires, was associated with a lower prevalence of nuclear cataracts after using
LOCS III as a measure [181].

Furthermore, it was determined that plasma concentrations of >0.041 pmol/L of
zeaxanthin and >0.27 umol/L of lutein was associated with a reduced nuclear cataract risk
after dietary intake [189]. Interestingly, a daily intake of >6 ug/day of zeaxanthin and lutein
has demonstrated to decrease the cataract risk by 18% in women [190]. Lastly, Moeller et al.
have proved to reduce the prevalence by 32% of nuclear cataract after oral administration
of >3 ug of both zeaxanthin and lutein for four years presenting an OR = 0.68 (95% CI;
0.48-0.97) [191].

Interestingly, the positive influence of nutraceuticals in cataracts has also been ev-
idenced in a clinical trial. In this research, a slight impact in cataract progression was
demonstrated by using and comparing images from digital retro-illumination with LOCS
III and defined by the area of opacity which was measured by an increase in the percentage
pixel opaque. During this study, a daily oral antioxidant combination which included
vitamin C (750 mg), 3-carotene (18 mg), and vitamin E (600 mg) was administered for
3 years [192].

5.3. Dry Eye Disease

In addition, DED is a multifactorial chronic disease characterized by ocular symptoms
including inflammation, irritation, visual disturbance, burning or foreign body sensation,
mainly due to a disequilibrium of the tear film, affecting the ocular surface and adnexa.
DED mostly affects older people, mainly over the age of 50 years. Other groups affected
include contact lens wearers, postmenopausal women, and patients with autoimmune
diseases [103,193,194].

The ocular surface is a functional unit composed by the cornea, conjunctiva, the main
lacrimal, accessory and meibomian glands, the apical and basal matrices, the eyelashes
and Moll and Zeis glands and the nasolacrimal duct [195]. Briefly, the cornea is composed
of a transparent and avascular connective tissue, which functions as the first structural
barrier of the eye and further provides three quarters of the refractive power of the eye [196].
Additionally, the conjunctiva, responsible of 95% of the total ocular surface, is composed of a
mucous epithelium, endothelial cells, and the stroma. Both the cornea and the conjunctival
epithelia produce hydrophilic mucins aiding in the tear stability within the eye surface.
Similarly, the main lacrimal gland, along with the accessory glands, comprise the Lacrimal
Functional Unit, which secretes water and protective proteins that help to maintain the tear
homeostasis. Moreover, the meibomian glands, which are located in the tarsal plates of the
eyelids, are glands that play a crucial role in producing the superficial lipid layer of the tear,
preventing its evaporation [197]. Lastly, the nasolacrimal epithelial system is considered to
control tear outflow and adsorb tear components, thus maintaining adequate tear volume
and keeping proper homeostasis between tear secretion and outflow. All of these anatomic
components have been demonstrated to be affected by DED and have been considered in
the development of new ocular treatments [198-200].
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There is an estimate of about 16.4 million Americans suffering from DED. Different
preclinical and clinical studies have proved that inflammation of the ocular surface along
with a chronic immune dysregulation represent a key factor in the pathogenesis of DED.
Proinflammatory cytokines, matrix metalloproteinases and chemokines lead to the induc-
tion of autoreactive T-helper lymphocytes, which create a vicious cycle of inflammation
and damage [103,195]. Furthermore, tear hyperosmolarity has been shown to contribute
to DED development, resulting in corneal and conjunctival epithelial cell apoptosis and
triggering a concurrent inflammatory cascade that eventually ends in goblet cell loss and
tear-film instability [201].

Growing evidence regarding the knowledge of DED pathophysiology have raised
the importance of the use of nutraceuticals. Dietary imbalance such as vitamin A or
omega-3 fatty acid deficiency has been attributed as an important risk factor for developing
DED [103]. Interestingly, it has been demonstrated that omega-3 has anti-inflammatory
properties and its supplementation prevents apoptosis of secretory epithelial cells in the
meibomian glands [2]. Manifold randomized clinical trials and meta-analyses have demon-
strated the efficacy of supplementing omega-3 in DED. Two meta-analyses have confirmed
the therapeutic benefit of omega-3 in treating signs and symptoms of DED by showing an
improvement in the ocular surface disease index (OSDI), which evaluates DED symptoms
through a 12-item questionnaire, tear film-break up time (TBUT), tested after adding flu-
orescein to the eye and observing the time of rupture of the tear film where the normal
value is >10 s, and the Schirmer test, which uses filter paper strips within the conjunctival
sac to visualize the wetting of it after 5 min (normal value >10 mm), when compared to
placebo [195,202-206].

In addition to the two meta-analyses, it is important to mention that each of the
randomized controlled clinical trials used different doses and the source of the omega-3
may differ from one another, potentially affecting the efficacy of each treatment [207-216].
Even though omega-3 has shown a strong level of evidence in treating dry eye disease,
currently, there is no FDA approved formulation nor formal recommendation for the usage
of essential fatty acids in the treatment of eye diseases. Optimal dosing of essential fatty
acids and duration of treatment constitute potential areas of interest in ophthalmology,
especially in ocular surface diseases such as DED [205,213,217].

Furthermore, a study involving 30 male patients with DED showed that short-term
supplementation with a fixed dose of 1500 mg of vitamin A improved the quality, but not the
quantity, of tears [218]. Recently, two studies have demonstrated that the administration of
vitamin B12 via eye drops or intramuscularly also improved dry eye symptoms in patients
with severe DED, with or without concurrent neuropathic ocular pain. These findings
evidence that DED also has a neurosensory component within its pathophysiology [103].

Additionally, an interesting prospective study was conducted to appraise the effective-
ness of a nutraceutical formulation-denominated Brudysec® 1.5 g, which contains omega-3
polyunsaturated fatty acids, vitamins, minerals, and antioxidants, seeking the relief of
dry eye disease symptoms. After its oral administration, a significant improvement in the
symptoms was shown, along with a reduction in the use of artificial tears and conjunctival
hyperemia. Other assessed outcomes included ocular surface damage, tear film stability
and tear production, where an improvement was evidenced with an increase in Schirmer
test score and tear break up time (TBUT), and, therefore, improving tear secretion and tear
film stability [2].

Similarly, Hydroeye®, which is another nutraceutical formulation composed of polyun-
saturated fatty acids, gamma-linoleic acid (GLA), vitamins and magnesium, has demon-
strated an impact in DED pathogenesis. Its efficacy was evidenced in patients with tear
dysfunction after its oral administration by a significant reduction in OSDI score, surface
asymmetry index, and by the inhibition of dendritic cell maturation, hindering the inflam-
mation [219]. Furthermore, Yamashita et al. have also demonstrated a reduction in DED
symptoms with the use of nutraceuticals. After the oral administration of MaquiBright®,
which was composed of delphinidins and anthocyanins obtained from maqui berry extract,
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an improvement in the Schirmer’s test, the lacrimal production and eye fatigue alleviation
after one month of intake were demonstrated [220,221].

Importantly, DED has also been benefited by the anti-inflammatory and antioxi-
dant properties when using topical nutraceuticals. Kador et al. have demonstrated the
maintenance of the tear flow after inducing DED with scopolamine in rat models and
administering a topical nutraceutical formulation known as Optixcare EH, which include
epigallocatechin gallate (EGCG; 4%), resveratrol (4%), astaxanthin (4%), and ethyl pyruvate
(4%) [1,222]. Interestingly, the use of colostrum components, especially topical 2-fucosyl-
lactose (0.01, 0.1, and 1%), have been demonstrated to impact TBUT, Schirmer test and tear
osmolarity, proving the potential role of nutraceuticals in tear film stability in rabbit models
with induced DED [3]. Lastly, VisuEvo®, an ophthalmic nutraceutical formulation contain-
ing vitamin A, omega-3 (EPA and DHA), and vitamin D3, has also been demonstrated to
decrease the inflammation of the ocular surface, increase tear film stability and reestablish
tear film composition, stating their role in DED pathophysiology [221,223].

5.4. Glaucoma

Another important ophthalmic pathology is glaucoma, which is a disease associ-
ated with acute or chronic destruction of the optic nerve with or without concomitant
intraocular hypertension. Glaucoma is considered the most common cause of irreversible
blindness worldwide with an estimated 57.5 million people affected, mainly of 40 years
and older [224]. It can be divided into two main categories: acute and chronic glaucoma.
The cornerstone in the pathogenesis is considered the damage of the retinal ganglion cells
of the optic nerve related to increased intraocular pressure (IOP). The intraocular pres-
sure is determined by the aqueous humor production by the ciliary body, and excretion
through the trabecular meshwork and uveoscleral pathways [225]. Understanding the
usefulness and impact of nutraceuticals in glaucoma pathophysiology is an important
research topic. More recently, some studies have illustrated the potential benefits of nu-
traceuticals [4]. For instance, Vetrugno et al. have demonstrated the effects on the IOP
after oral administration of forskolin and rutin, where a 10% decrease was evidenced
from the first week, independently of their usual therapy [226]. Moreover, Mutolo et al.
have used an oral nutraceutical containing Coleus forskohlii, carnosine, vitamins B1, B2, B6,
homotaurine, folic acid, and magnesium in patients with primary open angle glaucoma
(POAG) already in treatment and compensated by IOP-lowering drugs, and have shown a
significant decrease in IOP [227]. Nutraceutical formulations, such as BrudyPio 1.5g, based
on omega-3 polyunsaturated fatty acids have also shown to have a significant effect on the
pathophysiology of glaucoma [228]. Different studies have demonstrated that the use of
an omega 3-based nutraceutical improved IOP after 12 months (p < 0.01) and increased
total plasma antioxidant capacity and the DHA erythrocyte membrane content [228,229].
Additionally, capsules containing concentrated powder of Crocus sativus have proved to
significantly reduce the IOP in patients >50 years with open angle glaucoma [230]. Similarly,
a significant intraocular hypotensive effect was demonstrated by Bonyadi et al. in open
angle glaucoma patients treated with timolol and dorzolamide by adding 30 mg/day of
saffron, a flower derived spice, as an adjuvant [230]. Ohguro et al. have also described
the benefits of using oral nutraceuticals. These authors have shown an enhancement of
the blood flow to the optic nerve head (ONH) and, consequently, a delay in the visual
field damage progression after the oral administration of black currant anthocyanins for
twenty-four months in patients with open angle glaucoma (OAG) [231,232].

Topical nutraceuticals have also been developed particularly to improve retinal func-
tion in glaucoma patients. For instance, patients with open angle glaucoma and treated
with beta blockers were administered topical citicoline (0.2 g; 3 drops/day) for 4 months.
The visual evoked potentials (VEP) and pattern electroretinogram (PERG) were increased,
supporting the evidence about the nutraceutical impact on the bioelectrical activity of the
visual cortex and the retinal bioelectrical responses [233]. Finally, Parisi et al. also studied
the VEP and PERG parameters after topical administration of coenzyme Q10 (100 mg)
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with vitamin E (500 mg) in open angle glaucoma patients. In the study, an increase in
both parameters was shown, resulting in an improvement in the cortical responses and the
retinal function [234].

5.5. Age Macular Degeneration

Furthermore, age macular degeneration, defined as a degenerative disease of the
retina, represents the most common cause of blindness in individuals older than 65 years
in developed countries. AMD can be classified into two major forms: dry AMD and wet
AMD. Dry AMD is caused by the deposition of drusen, which is yellowish extracellular
material, while wet AMD is caused especially by neovascularization. Both can lead to vision
impairment and in severe cases to total blindness. Nutraceuticals have shown beneficial
effects in AMD. One of the major clinical trials evaluating the impact of nutraceuticals
in AMD is the Age-Related Eye Disease Study (AREDS), in which patients were given
a formulation containing high-dose vitamins C and E, zinc, and beta carotene. As a
result, a statistically significant odds reduction of 0.72 (99% CI, 0.52-0.98; p = 0.008) was
demonstrated for the development of advanced AMD when compared to the placebo
group [235]. The other important clinical trial, the AREDS2, included a formulation where
beta-carotene was substituted with lutein/zeaxanthin and demonstrated a hazard ratio
of 0.90 (95% CI, 0.82-0.99; p = 0.04) between lutein/zeaxanthin vs. no lutein/zeaxanthin
formulations of the development of late dry AMD, evidencing more benefits than beta
carotene [236].

Importantly, Beatty et al. used Ocuvite, a nutraceutical formulation of lutein, vitamin
E, zeaxanthin, copper, vitamin C, and zinc oxide, in patients with early AMD. These authors
have reported a better best-corrected visual acuity (BCVA) after its oral administration
for 36 months [237]. Similarly, OcuviteDuo, which is composed of vitamin E, vitamin
C, cupric oxide, lutein, zinc oxide, EPA, zeaxanthin, and DHA, has demonstrated to
influence retinal and visual function in people with early stages of AMD by significantly
increasing multifocal electroretinography (mfERG) latency after its oral administration for
60 weeks [238].

Finally, Ma et al. have demonstrated in a meta-analysis the impact of lutein, meso-
zeaxanthin and zeaxanthin in the macular pigment optical density (MPOD), which is the
functional component of the macula, in dry AMD patients by evidencing a significant
increase in it [239-242]. Furthermore, curcumin, which was used in patients with wet
AMD as an oral supplement with anti-vascular endothelial growth factor (VEGF), has
shown to improve visual acuity and decrease the total number of intravitreal anti-VEGF
injections [243].

5.6. Diabetic Retinopathy

Lastly, it is important to outline the influence of nutraceuticals in diabetic retinopathy
(DR) which is considered the leading cause of blindness worldwide. The retinal microvas-
culature has shown to be the main structure affected, resulting in macular edema and
ischemia of the tissue. DR can be divided into non proliferative DR (NPDR), characterized
by microvascular lesions, such as intraretinal hemorrhages, lipid deposits, microaneurysms
or hard exudates, and proliferative DR (PDR), characterized by angiogenesis secondary
to vascular endothelial growth factor (VEGF) stimulation [244]. As well as the previously
explained benefits nutraceuticals have given to the ocular pathologies, diabetic retinopathy
is not an exception. Carotenoids, especially lutein, have shown the greatest focus in the
treatment of DR. Moschos et al. have shown the effects of lutein (10 mg), meso-zeaxanthin
(10 mg) and zeaxanthin (2 mg) in patients with type 2 diabetes without DR after its oral
administration. An improvement in multifocal electroretinography (mfERG) results was
shown, expressed as greater density of the retinal response [245]. Moreover, another clin-
ical trial in NPDR patients has shown a minimal amelioration of the contrast sensitivity
and visual acuity after taking lutein (10 mg/day) orally [246]. Similarly, Hu et al. have
demonstrated in NPDR patients a decreased foveal thickness along with a better visual
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acuity after zeaxanthin (0.5 mg/day) and lutein (6 mg/day) were orally administered [247].
Furthermore, the use of an oral combination (Diaberet®) of vitamin E (30 mg), pycnogenol
(50 mg), and coenzyme Q10 (20 mg) has shown a significant reduction in the central macular
thickness (CMT) in NPDR patients after six months of intake [248]. On the other hand, no
studies have been noticed regarding the role of nutraceuticals in PDR. A comparison of the
different nutraceuticals that have been studied in ophthalmology is presented in Table 1.

Table 1. Comparative table of the use of different nutraceuticals in ophthalmology.

Ocular Nutraceutical Type of Study Description Outcomes References
Condition
Presbyopia Combination of DHA, Clinical Trial Nutraceutical combination Enhanced near point [169]
Astaxanthin, Lutein, administered orally as two gel accommodation and a
Cyanidin-3- Glucoside capsules/day (Daily dose: 50 mg decrease in eye strain and
DHA, 4 mg blurred vision.
Astaxanthin, 10 mg Lutein, 2.3 mg
Cyanidin-3- Glucoside).
Ophthalmic Solution: Clinical trial Nutraceutical formulation Significant amelioration in [249]
EV06 (lipoic acid choline administered topically one drop  distance-corrected near vision
ester) in one eye twice/day. (Each with acuity (DCNVA).
1.5% lipoic acid choline ester)
Pirenoxine Clinical trial Nutraceutical compound Maintenance of the [10]
administered topically one drop accommodative amplitude
in each eye four/day. (Each with and aid in the prevention of
0.005% pirenoxine) presbyopia progression.
Cataract Vitamin C, B-carotene, Clinical trial Nutraceutical formulation Slight impact in cataract [192]
and vitamin E administered orally, three progression measured by an
capsules/day (Each with vitamin increase percentage pixel
C 200 mg, -carotene 6 mg, and opaque.
vitamin E 200 mg).
DED Omega 3 Clinical Trial Omega 3 fatty acids administered Improvement in dry eye [208]
orally, two capsules/day (each symptoms, Nelson grade and
with 120 mg DHA, 180 mg of TBUT.
EPA).
Omega 3 Clinical Trial Omega 3 fatty acids administered Improvement in dry eye [209]
orally, 8 capsules/day (each with ~ symptoms, Nelson grade and
120 mg DHA, 180 mg of EPA). TBUT. No changes in
Schirmer test values.
Omega 3 Clinical Trial Omega 3 fatty acids administered Improvement in dry eye [211]
orally, 4 capsules/day (each with ~ symptoms, lens wear comfort,
120 mg DHA, 180 mg of EPA). increased TBUT and Nelson
scores, improvement in
epithelial cell morphology.
Omega 3 Clinical Trial Omega 3 fatty acids administered Improvement in Meibomian [207]
orally, 4 capsules/day (each with ~ Gland Score, TBUT, Schirmer
120 mg DHA, 180 mg of EPA). scores and dry eye symptoms.
Omega 3 Clinical Trial Omega 3 fatty acids administered Improvement in dry eye [210]
orally, 2 capsules/day (each with symptoms, TBUT and
175 mg DHA, 325 mg EPA). Schirmer test values.
Omega 3 Clinical Trial Omega 3 fatty acids administered Significant improvement [212]
orally, 4 gel capsules/day (Daily in tear osmolarity, OSDI,
dose: 1680 mg EPA and 560 mg TBUT and a decrease in
DHA). Metalloproteinase 9 levels.
Omega 3 Clinical Trial Omega 3 fatty acid administered No significant differences [213]
orally, 5 gelatin capsules/day were observed in DED
(each with 400 mg EPA, 200 mg patients.
DHA).
Omega 3 Clinical Trial Omega 3 fatty acid administered Improvement in dry eye [214]

orally, 15 capsules/day (Daily
dose:
1245 mg EPA, 540 mg DHA).

symptoms, TBUT, and rose
bengal staining score.
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Ocular Nutraceutical Type of Study Description Outcomes References
Condition
Clinical Trial Omega 3 fatty acid administered Improvement in tear [215]
orally, 5 capsules/day (Daily dose: osmolarity, tear stability,
945 mg EPA, 510 mg DHA). OSDI score, TBUT, ocular
bulbar redness. Decrease in
IL-17A.
Clinical Trial Omega 3 fatty acid administered ~ Improvement in TBUT, OSD], [250]
orally, 2 capsules/day (each with Schirmer’s scores.
180 mg EPA, 120 mg DHA).
Clinical Trial Omega 3 fatty acids administered Reduction is OSDI, higher [216]
orally, 5 capsules/day (Daily dose: corneal total nerve branch
1000 mg EPA, 500 mg DHA). density and length on the
main fiber, improving tear
osmolarity.
Clinical Trial Vitamin A (Daily dose 1500 mg or Improvement in tear [218]
5000 IU) administered orally as a osmolarity and reduction in
tablet. tear ferning.
Brudysec® (Minerals, Clinical Series Nutraceutical formulation Increase in TBUT and 2]
vitamins, omega-3, and administered orally, 3 Schirmer test scores, and
capsules/day. Each containing improvement in symptoms.
500 mg w-3 fatty acids: 30 mg
DPA, 42.5 mg EPA, 350 mg DHA;
4 mg Vitamin E, 133.3 pg Vitamin
A, 26.7 mg Vitamin C, 9.17 ug
Selenium, 0.33 mg Magnesium,
1.6 mg Zinc, 0.16 mg Copper; 10.8
mg Tyrosine, 5.83 mg Cysteine, 2
mg Glutathione.
Clinical Trial Nutraceutical formulation Improvement in OSDI, [219]
Polyunsaturated fatty administered orally as 4 surface asymmetry index,
acids, GLA, vitamins and softgels/day each containing: inhibited dendritic cell
-Omega 3 Fatty acids: 196 mg maturation. No effect in tear
ALA, 126 mg EPA, 99 mg DHA, production, TBUT.
-Omega 6 fatty acids: 710 mg LA,
<30 mg ARA, 240 mg GLA.
-Vitamins: 2180 IU vitamin A, 12.8
mg vitamin B6, 262 mg vitamin C,
13.7 mg vitamin E. 8 mg
-Magnesium 40 mg
MagquiBright®: Clinical trial Nutraceutical formulation Eye dryness relief, [220]
Anthocyanins and administered orally as 1 improvement in Schirmer test
capsule/day each containing: 120 and eye fatigue alleviation.
mg of Dextrin, 4 mg
delphinidin-3,5-O-diglucoside, 21
mg anthocyanins, and 15 mg
delphinidins
Topical nutraceutical: Animal model: 2-fucosyl-lactose was TBUT, Schirmer test and tear [3]
rabbit administered topically at 3 osmolarity were improved.
(2-fucosyl-lactose) different doses (0.01%, 0.1% and
1%).
Optixcare EH: Topical Animal model: Nutraceutical formulation Increased maintenance of tear [1]
rat administered topically, 2 flow.
drops/day. Each drop containing
EGCG (4%), resveratrol (4%),
astaxanthin (4%), and ethyl
pyruvate (4%).
VisuEvo®: vitamin A, Clinical trial Nutraceutical formulation Improved ocular surface [223]

omega-3, and vitamin D3.

administered topically, one
drop/three times a day. Each
drop with vitamin A, omega-3
(DHA and EPA), and vitamin D3

inflammation, restoration of
tear film stability and
composition.
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Table 1. Cont.

Ocular Nutraceutical Type of Study Description Outcomes References
Condition
Glaucoma Kronek®: Forskolin, Clinical trial Nutraceutical formulation Reduction in intraocular [226]
Rutin, Vitamin B1 and B2 administered orally, 2 tablets/day pressure.
(each with 0.7 mg vitamin B1, 0.8
vitamin B2, 15 mg Forskolin, 200
mg Rutin).
Gangliolife®: Carnosine, Clinical Trial Combined nutraceutical Increase in foveal sensitivity, [227]
Forskolin, folic acid, administered orally, better PERG and a reduction
homotaurine, vitamins 2 tablets/day (each with 50 mg in IOP.
and magnesium Carnosine, 15 mg Forskolin, 0.2
mg Folic acid, 100 mg,
Homotaurine, 1.4 mg vitamin B6,
1.4 mg vitamin B2, 1.1 mg vitamin
B1, 150 mg Magnesium).
BrudyPio: Vitamins, Clinical Trial Nutraceutical formulation, Decrease in IOP and [228]
minerals, fatty acids, and administered orally, 3 proinflammatory cytokines.
antioxidants capsules/day. Each containing: 30
mg DPA, 42.5 mg EPA, 350 mg
DHA; 4 mg Vitamin E, 133.3 ug
Vitamin A, 26.7 mg Vitamin C,
0.36 mg Vitamin B1, 0.46 mg
Vitamin B2, 5.33 mg Vitamin B3,
0.46 mg Vitamin B6, 66.7 ug
Vitamin B9, 0.83 pug Vitamin B12,
18.3 ug Selenium, 0.66 mg
Manganese, 3.33 mg Zinc, 0.33 mg
Copper; 0.33 mg Zeaxanthin, 3.33
mg Lutein, 2 mg Glutathione, 2
mg Coenzyme Q10, 2 mg
Lycopene, 67 ug Oleuropein, 5 mg
Anthocyanins.
Saffron (Crocus Sativus) Clinical Trial Saffron administered orally, 1 Reduction of IOP after three [230]
capsule/day (30 mg). weeks of administration.
Black currant Clinical Trial BCACs administered orally, 2 Enhancement of the blood [232]
anthocyanins (BCACs) capsules/day (50 mg/day) flow to the ONH and delay in
the visual field damage
progression.
OMKI1®: HA, citicoline Clinical trial OMK1 administered topically, 3 Significant increase in PERG [233]
and benzalkonium drops/day (each containing 0.02 g and shortened VEP.
chloride. HA, 0.2 g citicoline, 0.001 g
benzalkonium chloride).
Coqun®: Coenzyme Q10 Clinical trial Nutraceutical formulation Beneficial effect on the retinal [234]
and vitamin E administered topically, 2 function (PERG
drops/day (each with 100 mg improvement) and
Coenzyme Q10 with 500 mg enhancement of visual
vitamin E). cortical responses (VEP
improvement).
AMD AREDS: Beta-carotene, Clinical Trial Nutraceutical formulation Decrease progression to [235]
Vitamin C and E, and administered orally, 4 tablets/day advanced disease.
Zinc (each with 15 mg Beta-carotene,
500 mg Vitamin C, 400 IU Vitamin
E, 80 mg Zinc).
AREDS 2: Clinical Trial Nutraceutical formulation Decrease progression to [236]
Lutein/zeaxanthin, administered orally, 4 pills/day advanced disease, mainly
Vitamin C and E, and (each with 10 mg/2 mg neovascular AMD.
Zinc Lutein/zeaxanthin, 500 mg

Vitamin C, 400 IU Vitamin E, 25
mg Zinc).
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Table 1. Cont.

Ocular Nutraceutical Type of Study Description Outcomes References
Condition
Ocuvite: Clinical Trial Nutraceutical formulation Significant difference in the [237]
lutein, vitamin E, administered orally, 1 pill/twice best-corrected visual acuity
zeaxanthin, copper, daily (Each with lutein 12 mg, (BCVA).
vitamin C, and zinc oxide vitamin E 15 mg, zeaxanthin 0.6
mg, copper 0.4 mg, vitamin C 150
mg, zinc oxide 20 mg)
Ocuvite Duo: Clinical Trial Nutraceutical formulation Significant increase in [238]
vitamin E, vitamin C, administered orally, 1 pill/day multifocal
cupric oxide, lutein, zinc (Each with vitamin E 15 mg, electroretinography (mfERG)
oxide, EPA, zeaxanthin, vitamin C 150 mg, cupric oxide latency.
and DHA 400 ug, lutein 12 mg, zinc oxide
20 mg, EPA 240 mg, zeaxanthin
0.6 mg, and DHA 840 mg)
Lutamax DUO: Lutein (L) Clinical Trial Nutraceutical formulation Increased MPOD, no effect on [240]
administered orally, 1 tablet/day macular function or visual
(20 mg L for 3 months, then 10 mg activity.
L for another 3 months).
Lutein (L), zeaxanthin (Z) Clinical Trial Nutraceutical formulation Improvement in the temporal [241]
administered orally, 1 pill/day contrast sensitivity function
(Each with 8 mg L, 20 mg Z, 190 (tCSF) and MPOD. Increased
mg mixed fatty acids; or pure 20 the visual processing speed.
mg Z).
Lutein (L), Zeaxanthin Clinical Trial Nutraceutical formulation Improvement in MPOD. [242]
(Z), administered orally, 2 tablets/day
DHA (Daily dose: 0.6 mg Z,12mg L,
280 mg DHA).
Curcumin Clinical Trial Curcumin administered Improve visual acuity and [243]
orally/day. decrease the total number of
intravitreal anti-VEGF
injections.
Diabetic Carotenoids Clinical trial Nutraceutical formulation Increase in foveal thickness [245]
retinopathy administered orally, 1 and improvement in mfERG.
(non- capsule/day (Daily dose: Lutein
proliferative) 10 mg, meso-zeaxanthin 10 mg,
zeaxanthin 2 mg).
Lutein Clinical trial Lutein (10 mg/day) administered Improvement in contrast [246]
orally, 1 capsule/day. sensitivity and visual acuity.
Lutein and Zeaxanthin Clinical trial Lutein (6 mg) and zeaxanthin (0.5 Improvement in visual acuity [247]
mg) administered orally/day. and decreased foveal
thickness.
Diaberet®: vitamin E, Clinical trial Nutraceutical formulation Improvement in central [248]

administered orally 1 tablet/day.
(Daily dose: vitamin E 30 mg,
pycnogenol 50 mg, and coenzyme
Q10 20 mg).

pycnogenol, and
coenzyme Q10

macular thickness.

DHA: docosahexaenoic acid; DCNVA: distance-corrected near vision acuity; DED: dry eye disease; EPA: eicos-
apentaenoic acid; TBUT: tear film-break up time; OSDI: ocular surface disease index; DPA: docosapentaenoic
acid; GLA: gamma-linolenic acid; ALA: alpha-linolenic acid; LA: linoleic acid; ARA: arachidonic acid; EGCG:
epigallocatechin gallate; PERG: pattern electroretinogram; IOP: intraocular pressure; HA: hyaluronic acid; BCACs:
black currant anthocyanins; ONH: optic nerve head; VEP: visual evoked potentials; AMD: age macular degen-
eration; tCSF: temporal contrast sensitivity function; BCVA: best-corrected visual acuity; mfERG: multifocal
electroretinography; MPOD: macular pigment optical density; VEGF: vascular endothelial growth factor.

6. Conclusions

Nutraceuticals have shown their safety and efficacy in different clinical assays about
ocular pathologies [199]. As previously explained, the use of nutraceuticals, such as
Brudysec® 1.5g, BrudyPio 1.5g or AREDS2, has demonstrated significant improvements
in eye health, including an amelioration in tear characteristics in patients with DED, a
decrease in IOP in patients with glaucoma, or in the prevention of AMD progression in



Nutrients 2022, 14, 5014 24 of 34

elderly patients [2,228,236]. Importantly, the use of nutraceuticals in ophthalmology, as
well as in another medical fields, is as an adjuvant of the primary therapy. Along with
the positive outcomes in eye health, an increase in treatment adherence to this therapeutic
strategy has been noted, due mainly to its natural origin and lesser adverse effects [251].
Therefore, these compounds have emerged as a promising adjuvant therapeutic approach.

However, despite the potential beneficial results of the nutraceuticals, the high costs
of most of them represent a significant disadvantage for use on a regular basis. High cost
has been one of the main obstacles leading to failure of treatment adherence in patients
with ocular diseases using nutraceuticals. Furthermore, another major setback has relied
on the fact that most of the available studies of dietary supplements have no evaluation of
plasma basal micronutrient levels or the dietary intake of them. Considering the different
variations in every diet, it can potentially comprise a confounder, meaning that the diverse
outcomes may be the result of each personal background diet [103]. This fact limits the
validity of the nutraceutical studies and, as a consequence, it reduces the clinical use of
these compounds.

Lastly, although the nutraceuticals have proved potential therapeutic activity in the
ophthalmic pathology, surprisingly, with minimal hazards in humans, there still exists an
enormous abyss of lacking information about its actions and adverse effects for different
ocular pathologies. For that reason, it is pertinent for health professionals and researchers to
continue with preclinical and clinical protocols to develop the science of nutraceuticals with
ophthalmic applications to accelerate their implementation as a new therapeutic approach
for ocular pathology.
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